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The process of adaptation is sometimes visualized as populations walking throughout an adaptive landscape. If this landscape is rugged, then natural selection will trap populations in particular, historically determined, adaptive peaks. Under the shifting balance hypothesis (WRIGHT 1931 (WRIGHT , 1932 (WRIGHT , 1982 , episodes of genetic drift would play an essential role in adaptation, because they would allow populations crossing through valleys of low adaptive value and then reaching new adaptive peaks once the selective regime gets restored.
The basic idea of this classic model has deep implications for the understanding of diversity (STEPHAN 1996) , the maintenance of historical contingencies and, the genesis of complexity (LYNCH and CONERY 2003) . Its validity depends on the existence of rugged landscapes which in turn critically depend on the abundance and strength of epistasis (WHITLOCK et al. 1995) . Despite having deserved considerable experimental effort, detecting epistasis has been somehow elusive (DE VISSER et al. 1997; ELENA and LENSKI 1997; ELENA, 1999; BURCH et al. 2003) . However, during the last year, experiments with RNA viruses have contributed seeding some light on this topic. BURCH and CHAO (2004) , SANJUÁN et al. (2004b ) and, BONHOEFFER et al. (2004 found evidence for positive epistasis in bacteriophage φ6, vesicular stomatitis virus (VSV) and human immunodeficiency virus type-1 (HIV-1), respectively. Still, finding evidence of frequent genetic interactions does not necessarily provide information about the contribution of epistasis to adaptation.
A population which has accumulated deleterious mutations can respond to selection by simply reverting them to the ancestral state or alternatively, by 5 fixing compensatory changes at different loci. Compensatory mutations can be defined as those masking the effect of deleterious mutations. Reversion guarantees a complete fitness recovery in a single step, whereas this is not necessarily the case for compensation (BURCH and CHAO 2001) . The relative amount of evolutionary reversals and compensations depends on effective population size (N e ): the larger N e , the more mutations will arise and, consequently, the higher the chance for a reversion to appear and get fixed (BURCH and CHAO 2001) .
Compensatory changes necessarily invoke for epistastic interactions (WRIGHT 1932) , that is, for the existence of rugged adaptive landscapes.
Therefore, the magnitude and frequency of genetic interactions determine the extent to which fitness can be recovered via compensatory adaptation. In general, an increased genetic complexity, defined as the number of different gene functions and the connectivity of the network of interactions among them, should give more opportunities for compensation; whereas those genomes under intense functional constraints should be prone for higher rates of genetic reversion. RNA viruses are the prototypic system in which evolution proceeds under extremely large population sizes, enormous mutational supply and, considerable functional constraints (HOLLAND et al. 1982; HOLMES 2003; MOYA et al. 2004) . Therefore, RNA viruses provide an interesting tool for exploring whether evolutionary reversal is more common than compensatory evolution.
Previous studies with VSV have shown that the same beneficial mutations appear many times in independently evolving populations (CUEVAS et al. 2002; 6 NOVELLA and EBENDICK-CORPUS 2004) , suggesting that adaptive solutions might be quite limited. A similar pattern of convergent adaptive evolution has been also described for the DNA bacteriophage φX174 (BULL et al. 1997) .
Fitness-recovery experiments in which both the mutated and the wild type genotypes are genetically characterized offer an exceptional opportunity for testing several evolutionary predictions. For example, it has been predicted that increasing N e would result in speeding up the rate of adaptive evolution (ORR 2000b; WILKE 2004) , but also to positively bias the fitness effect associated with each mutation fixed (GERRISH and LENSKI 1998; ROZEN et al. 2002) . These predictions remain valid for the case of compensatory evolution, as shown in the bacteriophage φ6 (BURCH and CHAO 1999) . Similarly, at the first stages of the evolutionary process, it is expected that the rate of adaptation positively correlates with the fitness distance to the optimal genotype (ELENA et al. 1998; Moore et al. 2000) . Latter on, the rate of adaptation should slow down as the genetic distance to the optimum reduces, partly because the expected beneficial selection coefficient per mutation is smaller (ORR 2000a (ORR , 2000b . The use of genotypes that have accumulated more than one deleterious mutation is also useful for addressing the relationship between the type and strength of epistasis and the rate of adaptation. It has been suggested that those genotypes in which the accumulated deleterious mutations show negative epistasis should regain wild type's fitness faster than those showing multiplicative effects, because the reversion or the compensation would confer a larger marginal gain (MOORE et al. 2000) . Similarly, fitness improvements should be faster under multiplicative effects than in the presence of positive epistasis, because the reversion or the compensation of the first mutation would uncover the entire effect of the second mutation. Therefore, a negative correlation between the epistatic effect and the rate of compensatory adaptation should be observed.
VSV is a negative-stranded RNA virus belonging to the Rhabdoviridae family that has been extensively used for experimental viral evolution studies [reviewed in NOVELLA (2003) and MOYA et al. (2004) ]. The VSV genome is constituted by a single 11,161 nucleotides long molecule encoding five genes.
In this study, we used a collection of single-and double-nucleotide substitution mutants created by site-directed mutagenesis (SANJUÁN et al. 2004a (SANJUÁN et al. , 2004b to perform a set of fitness-recovery experiments. We are especially interested in exploring the role of compensatory mutations rather than in reversions to the wild type genotype. Therefore, to minimize the chances of reversion, our evolution experiments elapsed for only ∼20 replication cycles, a particularly short time for this type of evolution experiments. After the evolution phase, we measured the fitness of the evolved populations and we calculated the relative rate of fitness improvement. First, reversions were discarded by confirming the presence of the original mutations in the evolved populations. Second, we used the fact that the potential for adaptation of genotypes carrying strongly deleterious mutations should be greater than for those carrying milder changes (ELENA et al. 1998) to demonstrate compensatory evolution. Finally, we tested the predictions mentioned above about the influence of N e , the selection coefficient of deleterious mutations, the number of ancestral mutations, and their epistatic effect in determining the rate of adaptation. Single (SANJUÁN et al. 2004a ) and double (SANJUÁN et al. 2004b ) nucleotide substitution mutants were obtained from a full-length infectious cDNA clone (WHELAN et al. 1995) by site-directed mutagenesis as previously described (SANJUÁN et al. 2004a (SANJUÁN et al. , 2004b . Sequencing of the mutant cDNAs was done to confirm that each desired mutation was successfully incorporated. All mutations were introduced in the same reference genotype, called MARM RSV (SANJUÁN et al. 2004a) , which differs from the wild type by a neutral (see below) single nucleotide substitution that confers the ability to grow in presence of the I 1 monoclonal antibody (mAb) at concentrations that completely inhibit the wild type (VANDEPOL et al. 1986 ). Viruses were recovered from transfected BHK 21 cells as detailed in WHELAN et al. (1995) and SANJUÁN et al. (2004a) . The presence of plaque-forming units (PFU) 96 hours postinoculation (hpi) indicated the successful recovery of infectious VSV particles.
MATERIALS AND METHODS

Mutant genotypes:
Post-transfection titers, which ranged from 10 4 to 10 6 PFU/mL, were equalized to ∼5×10 6 PFU/mL prior to the competition assays to avoid any possible density-effect on fitness. Transfection experiments were done for the mutants, the non-mutated wild type and the MARM RSV clone. A large volume of wild type was produced and kept at −80ºC. This stock constituted our common competitor for fitness assays. Table 1 shows the genetic properties and fitness values, W, of each one of the 12 mutant genotypes used in this study. For the double mutants, the estimated epistasis parameter (ε), estimated as the difference between the observed fitness of a double mutant and the value expected under a multiplicative model (SANJUÁN et al. 2004b) , is also shown. Two genotypes had significant negative epistasis; two had significant positive epistasis; and in the last two cases ε was not significant and therefore will be considered as multiplicative effects.
Evolution experiments: Six single-and six double-nucleotide substitution mutants (Table 1) were used to initiate the evolution experiment. All of them had a significant reduction in fitness compared to the MARM RSV reference genotype (SANJUÁN et al. 2004a (SANJUÁN et al. , 2004b . Each of these mutants was used to initiate three independent replica populations at two effective population sizes each (N e = 2×10 2 PFU and N e = 2×10 4 PFU) in six 12-well plates (one well in one plate for each replicate) containing fresh BHK 21 cell monolayers. Infected cell cultures were incubated for 48 h, so that the cytopathic effect could be completed even by clones carrying mutations with large deleterious fitness effect, and the number of PFU produced after this time (N f ) was estimated by titration as described elsewhere (HOLLAND et al. 1991) .
The effective population size in a fluctuating passage regime can be estimated as
(1) (LENSKI et al. 1991) , where N 0 stands for the size of the inoculum at the beginning of each passage and τ for the number of generations (here, replication cycles) per passage. In the particular case of a negative-strand lytic virus that exhausts the entire cell culture, τ can be estimated as (MIRALLES et al. 2000) , where C 0 stands the number of cells initially present in the well, and it was determined by direct counting using a hemocytometer (∼8×10 5 cells/well). Therefore, N e can be adjusted by numerically solving
Equations (1) and (2) for different values of τ and N 0 .
Forty-eight hpi, the number of infectious particles per well were in the order of 10 9 PFU and hence, for N e = 2×10 2 PFU, the inoculum was set to N 0 ≈ 41.986, the number of replication cycles per passage being thus τ ≈ 4.764. Four passages were done under this regime and thus, ∼19.056 replication cycles elapsed during this evolution experiment. For N e = 2×10 4 PFU, the inoculum was set to N 0 ≈ 5.925×10 3 PFU, and the number of replication cycles per passage being thus τ ≈ 3.375. Six passages were done under this regime and hence, ∼20.250 replication cycles elapsed in this evolution experiment. Therefore, all our evolution experiments expanded for approximately the same number of replication cycles (20) regardless the N e imposed.
Specific details concerning cell culture conditions can be found elsewhere (ELENA et al. 1998) .
Relative fitness assays:
The fitness of each mutant relative to the wild type was assessed by seeding ∼2.5×10 3 PFU of each competing genotype into ∼10 5 cells. Ten hpi, the titers of both genotypes were determined by plating an appropriate dilution in presence and absence of I 1 mAb. Exponential growth occurred during this time interval (SANJUÁN et al. 2004a ) and, therefore, intrinsic growth rates, r, were calculated as the slope of the log-titer against time (hpi).
The fitness of population i relative to the wild type can then be calculated as ω i = exp(r i -r wild type ).
Fitness assays were done in five independent blocks for the ancestors (SANJUÁN et al. 2004a (SANJUÁN et al. , 2004b and in three independent blocks for each one of the 72 evolved populations. Fitness estimates of each i-th mutant genotype (W i ) were adjusted by dividing ω i by the grand-mean fitness of MARM RSV.
MARM RSV was effectively neutral relative to the wild type (ω MARM RSV = 0.997 ± 0.009; t 59 = 0.405, P = 0.687).
The magnitude of fitness improvement experienced by the k-th evolved populations compared with its corresponding ancestrals after the ∼20 replication cycles of experimental evolution was assessed using the relative change in fitness:
Consensus sequences: Viral RNA was extracted from the supernatant of the infected cultures using the High Pure Viral Nucleic Acid Kit and following the instructions provided by the manufacturer (Roche ® ). The anti-genomic VSV cDNA was synthesized using the reverse transcriptase of the Moloney murine leukemia virus (Promega ® ) plus a battery of random hexamers (Promega ® ).
The genomic region containing the original mutations was amplified by PCR using Taq polymerase (Amersham ® ) and automatically sequenced in an ABI310 machine (Applied Biosystems ® ) to determine whether a reversion had occurred.
The sets of primers used for sequencing were the same than those used in CUEVAS et al. (2002) .
RESULTS
Evidences for reversions and beneficial mutations:
Each of the six singleand six double-nucleotide substitution deleterious mutants was evolved in triplicate for ∼20 replication cycles at two effective population sizes (N e = 2×10 2 PFU and N e = 2×10 4 PFU). We checked in each of the 72 lineages whether the original mutation had reverted to its ancestral wild type state by performing consensus population sequencing. Among the 18 single-nucleotide mutantderived lineages evolved at the smaller N e = 2×10 2 PFU, none showed a complete reversion to the wild type allele, and only one showed a partial reversion (i.e., a polymorphism between the mutant and wild type alleles), whereas four out of 18 reversions were observed for the larger N e = 2×10 4 PFU.
Analogous results were obtained for the double mutants. Only one case of partial reversion in one of the two mutated sites was observed among the 18 double-nucleotide mutant-derived lineages evolved at N e = 2×10 2 PFU, whereas six reversions (three were polymorphisms and three fixed reversions) were observed in at least one site among the 18 lineages evolved at N e = 2×10 4 PFU. Therefore, within this evolutionary time frame, reversions were rare for the smaller N e (∼5%, regardless they were fixed or polymorphic), but their frequency (∼28%) significantly increased (χ 2 = 6.400, P = 0.011) as N e increased two orders of magnitude.
When the fitness reached by each putative revertant genotype, W k (20), was compared (one-sample t-test) with the fitness of the MARM RSV, three cases showed values that were significantly lower than expected (P ≤ 0.044), in apparent contradiction with the observed molecular reversion to the ancestral allele. However, if we apply the Bonferroni method accounting for the multiplicity of tests for the same hypothesis (RICE 1989) , only one case, A8787T/T1323A, remained significant (P = 0.004). Nonetheless, this is not surprising at all since (i) the first mutated site was polymorphic whereas the second still retained the mutant allele and (ii) positive epistasis existed between these two mutations (Table 1 ) and, hence, the entire deleterious effect associated with the T1323A mutation can be expressed. In conclusion, complete reversion to the wild type allele fully recovers fitness, as expected.
The mean relative fitness gain, R , for the revertants were R = 0.155 ± 0.084 and R = 0.522 ± 0.067 for the small and large N e , respectively. The average fitness gain was larger for N e = 2×10 4 PFU than for 2×10 2 PFU (Mann-Whitney's test: U = 1, 1-tailed P = 0.027). These gains can be attributed to reversions, but also to additional beneficial mutations taking place elsewhere in the genome. In fact, for N e = 2×10 4 PFU, in those populations in which no reversion to the wild type allele had occurred, fitness improved as well ( R = 0.201 ± 0.038).
However, as expected, the magnitude of fitness recovery was smaller than for the reverting group (U = 36, 1-tailed P < 0.001). Regarding the case of N e = 2×10 2 PFU, those populations in which no reversion had occurred also recovered fitness ( R = 0.103 ± 0.025), although to a similar extent than the reverting group (U = 15, 1-tailed P = 0.095). The above results indicate that, in addition to reversions to the wild type alleles, other beneficial mutations appeared in at least some populations. However, these results do not give insights about the putative fixation of compensatory changes.
Evidences for compensatory adaptation:
After excluding partial and complete reversions, the variability in fitness gains observed during the evolution experiments can be attributed to several factors. First, we can distinguish between single-and double-nucleotide mutants. Second, the evolution of each mutant genotype can be conditioned by the peculiarities of the associated ancestral mutations. Third, the rate of adaptation of each genotype is expected to be different for the two N e employed. Finally, for each genotype and each N e , the outcome of the three parallel evolution lines can differ simply by intrinsic stochastic factors. We assessed the contributions of each of these factors by means of a nested ANOVA in which each factor was nested within the preceding one. This analysis (Table 2) indicates that the fitness gain experienced by a single genotype that has been evolved at a fixed N e depends on the evolution lineage (P < 0.001), something that is not surprising given that beneficial mutations are random and rare events.
Moreover, for the same reason, the higher N e , the higher the fitness gain should be, as confirmed by the nested ANOVA (P = 0.004). More interestingly, the magnitude of fitness gains can vary depending on the starting genotype: significant differences exist between single and double-nucleotide mutants (P < 0.001), but also among those genotypes in which the same number of mutations has been introduced (P < 0.001). Given that the 12 evolved lineages showing signs of reversion have been excluded from this analysis, the results show that beneficial changes rising during the evolution experiment interacted with the ancestral deleterious mutations.
Several properties of the ancestral mutant genotypes can be involved in determining the relative rate of adaptation, one of these being their fitness value. To explore this possibility, the genotype factor can be substituted by its corresponding fitness value, W k (0), and included in the nested ANOVA as a covariable. After doing so, the effect of W k (0) is highly significant (F 1,167 = 52.764, P < 0.001), showing that the starting fitness strongly influenced further adaptability. Indeed, as it is illustrated in Figure 1 , the lower W k (0), the higher the fitness gain (partial correlation controlling for N e : r = −0.487, 57 d.f., P < 0.001).
After excluding reversions from the analyses, the following three findings support the existence of compensatory mutations: (i) the presence of beneficial mutations, (ii) the evidence for genetic interactions between fixed mutations and ancestral genotype (genetic background) and (iii) the negative correlation between ancestral fitness and the magnitude of fitness improvement.
Epistasis and the rate of adaptation: According to the results shown in Figure 1 , and given that single and double-mutants were chosen in such a way that they had similar W k (0) (Table 1), both groups should display a similar fitness recovery rate if compensation was complete, that is, if all mutational effects had been masked. On the contrary, this is not the case (Table 2 : P < 0.001) and single-mutants recovered fitness to a larger extent than doublemutants (Figure 2) , therefore indicating that the evolutionary time elapsed during the experiment has not been enough for fully compensation of two mutations.
Given that deleterious fitness effects of most double-mutants have not been fully compensated, we expect epistasis between ancestral mutations to have an effect on the observed magnitude of fitness gain. Our prediction is that the latter should negatively correlate with the sign of epistasis: as we have argued above, negative epistasis should speed up the rate of adaptation compared with multiplicative effects whereas positive epistasis should slow it down. To test this prediction, the "genotype" factor in the nested ANOVA can be substituted by two covariables: (i) its corresponding W k (0), as before, and (ii) the epistatic term, ε. This analysis, restricted to double-mutants, revealed that in addition to W k (0) (F 1,79 = 132.358, P < 0.001), ε also played a role in determining the extent of fitness improvement ( VSV populations that recovered fitness during ten laboratory passages after having accumulated deleterious mutations.
In this experiment, the evolutionary time was longer than in ours and the effective population size was presumably larger than 2×10 5 PFU. These two differences clearly account for the larger fraction of reversions observed by NOVELLA and EBENDICK-CORPUS (2004). Our results indicate that in VSV, the amount of back mutations relative to compensatory mutations increases with N e , suggesting that the former are less likely than the latter, but that their beneficial selection coefficient is larger.
This means that compensatory mutations can only partially restore fitness. As a second example, bacteriophage φ6 populations that had fixed single deleterious mutations recovered fitness by small steps, suggesting that several compensatory events are needed to restore the wild type fitness. Additionally, the beneficial effect of these changes positively correlated with population size (BURCH and CHAO 1999) . As a final example, the analysis of genetic substitutions associated with fitness recoveries in foot-and-mouth disease virus (ESCARMÍS et al. 1999) revealed the existence of multiple compensatory molecular pathways, although back mutations were also reported.
Evolutionary reversals and compensatory changes have been explored beyond RNA viruses. For example, bacteriophage φX174 populations that had fixed two to three deleterious mutations in the major capsid gene were able to back mutate most of these changes under massive population passages (CRILL et al. 2000) . In contrast, BULL et al. (2003) found that compensations and not reversions were responsible for the partial fitness recoveries observed in two lineages of bacteriophage T7 whose genomes were previously crippled with deleterious mutations. Similarly, MOORE et al. (2000) reported that in Escherichia coli, compensatory adaptation is the main responsible for fitness recovery, although in this case, the deleterious mutations studied were gene knock-outs produced by transposon insertions. Compensation in E. coli and other bacteria has been demonstrated several times. For instance, the cost of antibiotic resistance can be reduced by fixing secondary mutations which are epistatic to the primary resistance change (BJÖRKMAN et al. 1998) . Further, the double mutants can be even fitter than each single mutant, thus avoiding posterior evolutionary reversals (SCHRAG et al. 1997 ). Therefore, current evidence
indicates that, at least in the short term, fitness recovery preferentially takes place by means of compensatory adaptation, suggesting that epistasis and rugged adaptive landscapes might be the norm. Hence, the shifting balance hypothesis (WRIGHT 1931 (WRIGHT , 1932 (WRIGHT , 1982 seems a powerful tool to understand both evolutionary diversification and historical contingencies.
Current evidence also indicates that the reversion rate increases with population size, suggesting that peak-shift can occur by pure natural selection.
Similarly, the pattern of adaptation also depends on the nature of the ancestral deleterious mutations. For example, compensation is the only plausible mechanism for restoring knocked-out functions, at least for complex genomes in which partially redundant genetic pathways can be used for the restoration (MOORE et al. 2000; ROKYTA et al. 2002) . Taken together, these observations suggest that chances for compensatory adaptation should be related to genome complexity, a possibility that needs further experimental confirmation. Finally, the nature of epistasis between primary and secondary mutations should also be involved in determining evolutionary reversibility and more precisely, the stability of compensation (SCHRAG et al. 1997; WHITLOCK et al. 2003) .
Whenever evolutionary time is not long enough for allowing all deleterious mutations present in a genome to be compensated, the rate of compensatory adaptation is expected to negatively correlate with the strength of epistasis between these ancestral mutations, as shown by MOORE et al. (2000) for E. coli. This is also the case in our experiments. First, for a given initial fitness, single-nucleotide substitution mutants show a higher fitness gain than double-nucleotide substitution mutants, thus indicating that compensation is not complete. Second, as expected, there is a partial negative correlation between the sign of the epistatic interaction and the compensation rate. In a broader sense, a fitness recovery experiment is representative of general adaptation experiment, because fitness starts at an arbitrarily low value and rises up to an upper bound (the ancestral wild type in fitness recovery experiments and any adaptive peak otherwise). Therefore, in general, negative epistasis between beneficial mutations is expected to speed up the rate of adaptation. This kind of epistasis has been documented in bacteriophage φX174 , VSV (SANJUÁN et al. 2004b) [although decompensatory epistasis (i.e., the fitness of the double mutant was lower than for each single mutant) were the norm]. 
